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Abstract: Motivated by the recent anomalies in b→ s transitions that emerged at LHCb,
we consider a model with an Lµ−Lτ gauge symmetry and additional vector-like fermions.
We find that by introducing supersymmetry the model can be made consistent with the
long-standing deviation in the measured value of the anomalous magnetic moment of the
muon, (g − 2)µ, and neutralino dark matter of broad mass ranges and properties. In
particular, dark matter candidates include the well-known 1 TeV higgsino, which in the
MSSM is typically not compatible with solutions to the (g−2)µ puzzle. Moreover, its spin-
independent cross section could be at the origin of the recent small excess in XENON-1T
data. We apply to the model constraints arising from flavor precision measurements and
direct searches at the Large Hadron Collider and show that they do not currently exclude
the relevant parameter space regions.
ar
X
iv
:1
80
6.
06
03
6v
2 
 [h
ep
-p
h]
  1
5 O
ct 
20
18
Contents
1 Introduction 1
2 Supersymmetric model with extra gauged U(1) 4
3 Flavor signatures and the muon g – 2 7
3.1 LFUV puzzles and B -meson mixing 7
3.2 Muon g – 2 and connections to dark matter 10
4 Numerical results and benchmark scenarios 15
4.1 Benchmark points 15
4.2 Dark matter 15
4.3 Additional constraints on the flavor structure 19
5 Summary and conclusions 25
Appendices 27
A Some details of the model 27
1 Introduction
In the last few years several B-physics experiments have reported a number of deviations
from the Standard Model (SM) in flavor-changing b→ s transitions, which might possibly
suggest the presence of new physics. Anomalies have been first observed in the angular ob-
servable P ′5, measured at the Large Hadron Collider’s B-meson factory LHCb [1] (also con-
firmed by the Belle experiment [2]), and in the branching ratios for decays Bs → φµ+µ− [3]
and B → Kµ+µ− [4]. While these observables are not necessarily associated with very clean
signatures of new physics, as the QCD uncertainties in their calculation tend to be sizable,
their anomalies have been backed up by reported deviations (or, more precisely, deficits) in
the QCD-clean observables RK and RK∗ [5, 6], the ratios of semi-leptonic B-meson decays
to a kaon and a pair of electrons or muons, which seem to additionally indicate a violation
of lepton-flavor universality (LFUV). While the limited local statistical significance of the
latter anomalies, 2.6 and 2.2σ, respectively, all but prevents one from claiming a genuine
new physics phenomenon,1 it gives nonetheless rise to interesting speculations about the
possible nature of the mechanisms responsible for their emergence.
Interestingly, the observation of LFUV signals that specifically involve muons can
evoke enticing parallels with the longstanding ∼ 3.5σ discrepancy from the SM value
1Note, however, that global effective-field-theory fits to the set all of B-physics anomalies [7–10] possibly
point to a ∼> 4σ preference for new physics over the SM explanation.
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observed in the measurement of the anomalous magnetic moment of the muon, (g − 2)µ,
at Brookhaven [11]. In light of the wave of renewed interest in the (g − 2)µ anomaly with
the onset of new experiments at Fermilab [12, 13] and, in the near future, J-PARC [14–18],
which are expected to improve the sensitivity of the BNL experiment by a factor of four, it
becomes compelling to try and address all these lepton-related anomalies within a common
framework beyond the SM (BSM).
Viable BSM scenarios explaining the LFUV b → s anomalies are generally roughly
divided into three categories. The first two categories involve tree-level interactions char-
acterized by the exchange of a new gauge boson (Z ′) (see [19–24] for early studies), or
of a leptoquark [25]. In the former case, new scalars and vector-like (VL) fermions may
also be added to the model, if the flavor-violating couplings are to be generated dynami-
cally [26]. Scenarios with a new Z ′ gauge boson have been shown to be able to additionally
accommodate the (g− 2)µ anomaly, most easily when the Z ′ is much lighter than ∼ 1 GeV
and feebly interacting [27, 28], but also when the new states lie at, or just above, the
electroweak symmetry-breaking (EWSB) scale [29]. In the third category, loop-level box
diagrams built out of new Yukawa couplings of BSM scalars and VL fermions can be used
to fit the experimental b→ s deviations [30, 31], albeit the Yukawa couplings required are
O(∼ 2), which usually signals a breakdown of perturbativity at energy scales as low as a
few hundred TeV.
On the other hand, typical box diagrams that can be constructed out of the gauge
and Yukawa couplings of SM-like size, like those of the Minimal Supersymmetric Standard
Model (MSSM), do not give large enough contributions to explain the LFUV anomalies,
even in the case where general flavor-violating interactions are allowed [7, 9]. It has been
shown that introducing R-parity violating interactions, in particular those generated by an
LQDc superpotential term, can enhance squark-mediated loop contributions so that the
b → s anomalies are accommodated [32–34]. However, uncomfortably large values of R-
parity violating couplings are required in this case. Incidentally, we note here that Ref. [35]
employs a model with R-parity violation to address another set of flavor observables, in
semileptonic b → c transitions, whose measurements at Babar, Belle, and LHCb [36–38]
have also shown a significant deviation from the SM. Since it was pointed out (e.g., [39])
that combining viable explanations of the latter with the b → s anomalies via new gauge
bosons incurs non-trivial model-building challenges, we refrain from including the b → c
anomalies in this work.
When it comes to the (g − 2)µ anomaly, finally, one should note that supersymmetric
(SUSY) spectra featuring sleptons, charginos, and neutralinos in the few hundred GeV
range are known to provide a viable solution, as long as they happen to be much lighter
than the states charged under SU(3) [40, 41], which are strongly constrained by the 125 GeV
Higgs boson mass and direct LHC searches.
One issue of great interest in the context of constructing viable SM extensions is the
nature of dark matter (DM) in the Universe. The presence of a DM candidate can be
easily accommodated in nearly all of the models mentioned above, as long as they feature
a discrete symmetry stabilizing the DM candidate. The latter might emerge as a remnant
Z2 from the breaking of the new abelian gauge group in models with a Z ′ boson, or be
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due to R-parity in SUSY models, or other. However, in the most basic simplified models
engineered to explain the flavor anomalies the DM candidate does not emerge as a natural
byproduct of the theory, but it is rather added by hand. For example, in SM extensions
by a new abelian gauge symmetry, which provide one of the most natural frameworks for
the violation of flavor universality, a viable DM particle takes generally the form of an
extra inert scalar field, which does not play a part in the spontaneous breaking of the new
gauge symmetry [29, 42–45], or of an extra DM fermion [46–53]. From this point of view,
extensions of the SM based on SUSY offer the advantage of having the DM candidate,
which is already embedded naturally in the theory, in the form of the lightest neutralino.
One might consider other reasons why it is worth exploring the possibility of a SUSY
extension as a viable explanation for the b→ s anomalies, (g−2)µ, and the relic DM density.
Besides protecting the parameters of the scalar sector against large quantum corrections,
SUSY provides a framework for the presence of a large number of particles in the spectrum,
which end up greatly facilitating an explanation of the (g−2)µ anomaly with much a broader
range of DM mass values than in typical models not based on supersymmetry. In fact, in
typical non-SUSY Z ′ models one is constrained by the measurement of (g− 2)µ to a rough
upper bound for the DM mass, mDM . 250 GeV [29]. Incidentally, note that this feature
has been very recently employed in [54], where a U(1)-extension of the SM with two extra
singlet superfields was supersymmetrized. Because of the large number of neutralinos in
the spectra, it was shown there that the parameter space in agreement with the (g − 2)µ
anomaly is also consistent with a larger neutralino mass scale than in the MSSM, and
with data from a set of neutrino experiments that is not explained in analogous non-SUSY
scenarios.
In the context of the weakly interacting massive particle (WIMP) paradigm having
a heavier DM is particularly appealing. Firstly, light WIMPs are becoming increasingly
constrained by direct DM searches, both at the LHC and, especially, in underground Xenon
detectors. The TeV-scale range of WIMP mass, on the other hand, is much unscathed by
the current direct bounds. Secondly, DM at the TeV scale has emerged after the discovery
of the 125 GeV Higgs boson as a natural favorite in many models of new physics, and
particularly in SUSY. In fact, the mass of the Higgs boson implies expectations for the
SUSY spectrum that naturally accommodate TeV-scale DM candidates like the ∼ 1 TeV
higgsino (see, e.g., [55], and [56–58] for recent reviews).
In this regard, it is very recent news that the XENON-1T Collaboration has recorded
a slight excess of events possibly corresponding to a signal in the hundreds of GeV or a TeV
range [59]. Again, it is way too early to become excited, but there exists a possibility that
the data point towards a DM candidate consistent with the TeV-scale, like the ∼ 1 TeV
higgsino.
In this study we consider a supersymmetric class of BSM scenarios with a sponta-
neously broken U(1)X gauge symmetry and VL fermions, which can explain the LFUV
experimental anomalies. As a concrete example we identify U(1)X with the anomaly-free
global symmetry of the SM, Lµ − Lτ [60–62] (the difference between the muon and tau
lepton numbers), following, e.g., Ref. [22] and other subsequent papers. Apart from the
B-physics anomalies, U(1)Lµ−Lτ can accommodate several other experimentally measured
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phenomena, like particular textures in the neutrino mass matrices [63] and the discrepancy
in (g− 2)µ [63–65]. Additionally, it guarantees that the new BSM sector remains well hid-
den from direct searches at proton and electron colliders, a welcome feature given the ever
increasing lower bounds on BSM particle masses. We show that this framework resolves
the (g− 2)µ discrepancy with, among others, a 1 TeV higgsino DM candidate, which is not
possible in the MSSM.
The structure of the paper is as follows. In Sec. 2 we introduce the model and discuss
some of its most relevant features for a subsequent analysis of the B-physics anomalies. In
Sec. 3 we discuss in detail BSM contributions to the observables RK and RK∗ , Bs mixing,
and (g − 2)µ that can arise in our model. The main results of the study are presented
in Sec. 4, which contains several benchmark points, a study of their dark matter proper-
ties and bounds and prospect from LHC searches and electroweak precision observables.
We summarize our findings and conclude in Sec. 5. We provide technical details of the
supersymmetric model in Appendix A.
2 Supersymmetric model with extra gauged U(1)
Motivated by the fact that extensions of the SM by a new gauge boson provide arguably the
most natural solution to the LHCb flavor anomalies [22], we consider in this work an extra
abelian anomaly-free gauge group, U(1)Lµ−Lτ (denoted U(1)X in the rest of the paper).
Under the new gauge symmetry the SM quarks remain neutral, whereas the SM leptons
acquire Lµ−Lτ charges. Thus, the quantum numbers of the SM lepton Weyl spinors under
the SU(3)×SU(2)L×U(1)Y×U(1)X group are
l1 : (1,2,−1/2, 0) eR : (1,1, 1, 0) (2.1)
l2 : (1,2,−1/2, 1) µR : (1,1, 1,−1) (2.2)
l3 : (1,2,−1/2,−1) τR : (1,1, 1, 1) , (2.3)
where we use a standard convention for the electron doublet, l1 = (νe, eL)
T and equivalent
conventions for muons and taus apply.
The U(1)X symmetry is broken by the vacuum expectation values (vevs) of 2 new
scalar fields, which are singlets under the SM group,
S1 : (1,1, 0,−1) S2 : (1,1, 0, 1) , (2.4)
and which will be promoted to left-chiral superfields after supersymmetrization of the
Lagrangian. Note that in what follows we always indicate with lower-case letters the SM
fields and with capital ones the BSM states.
In order to generate the flavor-changing coupling of the new gauge boson, Z ′, to the
bL and sL quarks one needs a VL pair of SU(2)-doublet quarks, one of which will mix with
the SM left-handed quarks after the breaking of the U(1)X symmetry:
Q : (3,2, 1/6,−1) =
(
UL
DL
)
Q′ : (3¯,2,−1/6, 1) =
(
DR
UR
)
. (2.5)
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We also introduce two U(1)X neutral generations of VL leptons:
L : (1,2,−1/2, 0) =
(
NL
EL
)
L′ : (1,2, 1/2, 0) =
(
ER
NR
)
, (2.6)
E : (1,1, 1, 0) E′ : (1,1,−1, 0) . (2.7)
The reason for introducing new leptons is twofold. On theoretical grounds one could argue
that VL lepton families are expected in the presence of TeV-scale VL quarks, if the model
is to be eventually compatible with some sort of Grand Unification (GUT) mechanism (we
will not, however, make any attempt at a GUT completion in this work). Moreover, the
addition of VL leptons opens up extra channels for the interaction of the muons with the
photon, which will lead to a better fit to the (g− 2)µ anomaly over a broad range of input
parameters (see also [66] for a similar setup in the non-SUSY framework).
We can now write the superpotential of our model,
W ⊃ −Ye lhdeR − Yd qhddR + YuqhhuR + µhuhd
−λE,2S2E′µR − λE,3S1E′τR − Y˜1 LhdE + Y˜2L′huE′ − Y˜l1 l1hdE − Y˜e1LhdeR
−λL,2S1l2 L′ − λL,3S2 l3 L′ − λQ,i=1,..3 S1qiQ′
+MLLL
′ +MEEE′ +MQQQ′ + µSS1S2 , (2.8)
where in the first line of Eq. (2.8) one can read the MSSM contributions, with Yukawa
couplings Ye,d,u that should be read as 3 × 3 matrices, and an implied anti-symmetric
sum over SU(2) indices. We have noted with λE,2,3, λL,2,3, λQ,i, Y˜1,2,l1,e1 the new Yukawa
couplings allowed by the symmetries, µS is the µ-term of the superfields S1, S2, and
ML,E,Q are VL superpotential mass terms. We summarize the quantum numbers of the
SM/MSSM fields in Appendix A. Note that with respect to the MSSM particle content,
the model introduced in Eq. (2.8) is characterized by one extra up-type quark, one extra
down-type quark, two extra leptons of electric charge −1 and one extra TeV-scale Dirac
neutrino, and their antiparticles.
The terms of the soft SUSY-breaking Lagrangian beyond the usual MSSM contributions
read
L ⊃ −
(
m2L|L˜|2 +m2L′ |L˜′|2 +m2E |E˜|2 +m2E′ |E˜′|2 +m2Q|Q˜|2 +m2Q′ |Q˜′|2+
+m2S1 |S1|2 +m2S2 |S2|2
)− (m2
l˜†1
l˜†1L˜+m
2
e˜†R
e˜†RE˜ +m
2
l˜1
l˜1L˜
′ +m2e˜R e˜RE˜
′ + h.c.
)
−
(
BML L˜L˜
′ +BME E˜E˜
′ +BMQ Q˜Q˜
′ +BµS S˜1S˜2 + h.c.
)
+
(
a
(2)
S2
S2E˜
′µ˜R + a
(3)
S1
S1E˜
′τ˜R + a
(2)
S1
S1L˜
′ l˜2 + a
(3)
S2
S2L˜
′ l˜3 + a
Q
S1
S1Q˜
′q˜
+aY1HdL˜E˜ + aY2HuL˜
′E˜′ + aYl1Hd l˜1E˜ + aYe1HdL˜e˜R + h.c.
)
, (2.9)
where the coefficients of the terms in Eq. (2.9) represent new soft masses, B-terms, and
A-terms, with self-explanatory meaning of the symbols. One finds additional states in the
sfermion spectrum with respect to the MSSM: 4 extra squarks, 4 extra charged sleptons,
and 2 sneutrinos.
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Finally, there are 4 real degrees of freedom in the 2 complex SM singlets S1 and S2,
one of which is transferred to the massive Z ′ gauge boson, whereas the remaining ones give
rise to 2 additional neutral “Higgs” fields, h′, H ′, and one pseudoscalar, A′. The gaugino
content is enriched by 1 Majorana-like Z ′-ino, Z˜ ′, and, after U(1)X breaking, 2 additional
Majorana singlinos, S˜1 and S˜2. The tadpole equations of the scalar fields beyond the
MSSM ones, and the scalar mass matrix diagonalization, are shown in Appendix A. The
parameter of greatest impact in the new scalar sector is the ratio of the vevs of the scalar
fields S1 and S2, tanβS ≡ v1/v2.
As was mentioned above, in this work we refrain from investigating GUT completions,
or other possible UV extensions of the model in Eq. (2.8). We rather focus on the phe-
nomenological and experimental signatures that set it apart from the MSSM and non-SUSY
versions of Z ′ models. For this reason we make throughout the paper the simplifying as-
sumption, often invoked in the literature, that the kinetic mixing of the U(1)Y and U(1)X
gauge bosons is negligible at the scale of interest for the experimental signatures. Indeed,
radiative corrections arising below the scale at which the VL superfields Q and Q′ decouple
do in principle generate a non-zero kinetic mixing ′ as [67]
′ ∼ g1gX
48pi2
ln
(
M2Q
µ2
)
, (2.10)
where g1 and gX are the U(1)Y and U(1)X gauge couplings, respectively, and µ is the
renormalization scale. This quantity, however, never exceeds typical values of the order
of ∼ 10−3 for MQ and gX ranges considered in this study and can be neglected in a first
approximation. Incidentally, note that ′ ≈ 0 also implies there is no tree-level mixing be-
tween the MSSM and the new sector fields neither in the Higgs sector, nor in the neutralino
mass matrices. As we shall see, this feature has important phenomenological consequences
when it comes to the LHC constraints on the model.
We also do not attempt to embed the model in a theory of flavor, which might even-
tually justify the structure of the Yukawa couplings emerging from the phenomenological
analysis. Effectively, this means we delegate the theoretical explanation of whatever tex-
ture is favored by the data to the specifics of the unknown UV completion. In this spirit we
further reduce the number of input parameters by imposing that the following parameters
are negligible: λE,3 ≈ λL,3 ≈ λQ,1 ≈ Y˜l1 ≈ Y˜e1 ≈ 0. Note that the latter assumption also
prevents our model from generating flavor-changing neutral currents among the MSSM
fields, which are strongly constrained experimentally.
In conclusion, the only way the MSSM and the extra sectors communicate with each
other at tree-level, apart from a direct coupling of Z ′ to muons and taus, is through the
mixing of the new quark and lepton fields with the SM quarks and lepton via the vevs of
S1 and S2. The size of this mixing, together with the value of the gauge coupling gX , are
the main parameters of interest while discussing the phenomenological properties of the
model.2 We present explicitly the tree-level fermion mixing matrices, charged slepton mass
matrix, neutralino mass matrix and new Higgs states of the model in Appendix A.
2At the one-loop level, the VL quarks and leptons further mix the two sectors. These effects are included
in our numerical results.
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3 Flavor signatures and the muon g – 2
We give in what follows a brief overview of the flavor structure of the model, which provides
a simultaneous solution to the RK/K∗ puzzles and the (g−2)µ anomaly. We further observe
these properties are consistent with expectations of a DM particle close to the TeV scale.
3.1 LFUV puzzles and B-meson mixing
The solution to the RK/RK∗ puzzle does not deviate significantly from the well-studied
non-SUSY Lµ − Lτ counterpart [22]. The impact of new physics in b→ s l l transitions is
usually described in a model-independent way by the effective Hamiltonian
Heff = −4GF√
2
VtbV
∗
ts
∑
i
(CiOi + C
′
iO
′
i) + h.c. , (3.1)
where GF is the Fermi constant and Vtb and Vts are the elements of the CKM matrix. Equa-
tion (3.1) gives a linear combination of dimension-six operators, Oi, and the corresponding
Wilson coefficients Ci.
Dominant contributions to semi-leptonic decays are given by four-fermion contact op-
erators:
O9 =
e2
16pi2
(s¯Lγ
µbL)(l¯γµl) , O
′
9 =
e2
16pi2
(s¯Rγ
µbR)(l¯γµl) , (3.2)
O10 =
e2
16pi2
(s¯Lγ
µbL)(l¯γµγ5l) , O
′
10 =
e2
16pi2
(s¯Rγ
µbR)(l¯γµγ5l) , (3.3)
with l = e, µ, τ . The impact of scalar operators is negligible once the constraints from
Bs → µ+µ− are taken into account [68]. On the other hand, chromomagnetic dipole
operator and four-quark operators do not contribute to the LFUV processes.
New physics contributions (denoted by the subscript NP) to Wilson coefficients C9
and C10 are constrained by a number of experimental measurements, several of which
reported anomalies in b → sµ+µ− transitions. The most up-to-date global fit [8] takes
into account the measurement of B0 → K∗0µ+µ− angular distribution, by the LHCb
Collaboration [1, 69] and Belle [2, 70], decay rate deficits in the branching ratios B0s →
φµ+µ− [3], B0 → K0µ+µ−, B+ → K+µ+µ−, B+ → K∗+µ+µ− [4], as well as determination
of the LFUV observables RK [5] and R
∗
K [6]. The allowed ranges of the coefficients C
µ
9,NP
and Cµ10,NP at 2σ have emerged to be
Cµ9,NP = [−1.7 : −0.6] , (3.4)
Cµ10,NP = [−0.1 : 0.7] , (3.5)
where the superscript µ indicates a contribution from the operators with two muons in the
final state. Note that, in order to explain LFUV, the equivalent Ce9,10,NP coefficients for
the electron must not show a comparable deviation from the SM. Furthermore, the C ′9,10
coefficients have been found to be consistent with the null SM expectation.
In a generic model with a tree-level contribution from a heavy non-universal Z ′ gauge
boson,
L ⊃ ∆bsL s¯LγνZ ′ν bL +
1
2
∆µµ9 µ¯γ
νZ ′ν µ+
1
2
∆µµ10 µ¯γ
νγ5Z ′ν µ , (3.6)
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where the contributions to the right-handed quark current are negligible (as is the case in
our model), the above-mentioned Wilson coefficients can be expressed as [7]
Cµ9,NP = −
∆bsL ∆
µµ
9
VtbV
∗
ts
(
Λv
mZ′
)2
, C ′ µ9,NP = 0 ,
Cµ10,NP = −
∆bsL ∆
µµ
10
VtbV
∗
ts
(
Λv
mZ′
)2
, C ′ µ10,NP = 0 , (3.7)
where mZ′ is the mass of the Z
′ boson,
Λv =
(
pi√
2GFαem
)1/2
≈ 4.94 TeV, (3.8)
is the typical effective scale of the new physics, and ∆bsL , ∆
µµ
9,10 ≡ ∆µµR ±∆µµL are the effective
couplings of the Z ′ boson to the SM-like particles.
The hadronic coupling, ∆bsL , is subject to strong constraints from the measurement of
Bs meson mixing. The quantity of interest is [7]
RBB ≡ M12
M12,SM
− 1 =
(
246 GeV ×∆bsL
)2
m2Z′
[
g22
16pi2
(VtbV
∗
ts)
2 S0
]−1
, (3.9)
where S0 ≈ 2.3 is a loop function. The bounds from Bs meson mixing have been recently
updated to include the latest Flavour Lattice Averaging Group (FLAG) results3 yielding
the limits at 2σ [72]
− 0.21 < RBB < 0.014 . (3.10)
In our model, Z ′ directly couples with flavor-diagonal strength gX to the muon and tau
gauge eigenstates and to VL quark doublets Q, Q′ (we assume all U(1)X charges QX = ±1,
cf. Sec. 2). In order to impose the above constraints, the couplings ∆bsL and ∆
µµ
L,R of the Z
′
boson to the physical b and s quarks and muons have to be eventually expressed in terms
of the model’s input parameters. To do this, we diagonalize the mass matrices given in
Appendix A by means of two pairs of unitary matrices, DL, DR and D
′
L, D
′
R, such that
Dd = D†LMdDR , De = D′ †LMeD′R, (3.11)
where Md and Me are, respectively, the down-type quark and charged-lepton mass ma-
trices, presented explicitly in Appendix A, and Dd and De are the corresponding diagonal
matrices.
By adopting a standard notation for mass eigenstates di, ei in terms of gauge eigenstates
d′i, e
′
i – ordered like in Appendix A – so that
dL(R) j =
∑
r
D†L(R) jrd
′
L(R) r , eL(R) j =
∑
r
D′ †L(R) jre
′
L(R) r , (3.12)
3Note that there is some ongoing disagreement on the precise value of the SM prediction, whose error
drives the one ofRBB . In particular, the UTfit collaboration Summer 2016 results [71] lead toRBB = 0.070±
0.088 while other results (see [72]) point instead to a negative RBB with a 1.8σ tension with the experimental
value. We will use the strongest bound from [72] in the following.
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Figure 1: (a) The parameter space consistent with constraints from Bs mixing in the
(mZ′/gZ , λQ,2 = λQ,3) plane for two choices of tanβS : tanβS = 0.11 in orange and
tanβS = 5 in yellow. (b) The impact of the RK/RK∗ constraints on the C
µ
9,NP and C
µ
10,NP
Wilson coefficients (Eqs. (3.4) and (3.5)) in the same plane, for the same two choices of
tanβS .
one gets
∆bsL = gXQX D
†
L 34DL 42 , (3.13)
∆µµL = gXQX |D′L 22|2, (3.14)
∆µµR = gXQX |D′R 22|2. (3.15)
One can easily infer from the form of the down-type quark mass matrix, Eq. (A.2), that
the right-handed effective coupling of the b, s quarks to the Z ′ boson, DR 43D
†
R 24, is zero
at tree level. Also, since we assume λE,3 ≈ λL,3 ≈ 0, at the tree level the muons and taus
do not mix and one can safely neglect D′L 32 ≈ D′R 32 ≈ 0.
Equations (3.13)-(3.15) are to a very good approximation expressed in terms of the
model’s input parameters as
∆bsL ≈ gXQX
λQ,2λQ,3 v
2
1
2M2Q +
(
λ2Q,2 + λ
2
Q,3
)
v21
, (3.16)
∆µµL(R) ≈ gXQX
2M2L(E)
2M2L(E) + λ
2
L(E),2v
2
1(2)
. (3.17)
In Fig. 1(a) we show in the (mZ′/gX , λQ,2 = λQ,3) plane the parameter space consistent
at the 2σ level with the Bs mixing measurement [72]. We choose two representative values
of tanβS : tanβS = 0.11 (orange parameter space) and tanβS = 5 (yellow). Note that
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the parameter space is much more constrained for tanβS > 1, due to the fact that the
mixing between the U(1)X -charged quark DL and the SM down-type quarks is directly
proportional to the v1 vev only. This is a feature that will affect the bounds on the quark
mixing sector throughout this work.
In Fig. 1(b) we show the impact of the RK/RK∗ constraint on the C
µ
9,NP and C
µ
10,NP
Wilson coefficients – i.e. Eqs. (3.4) and (3.5) are satisfied within the colored regions – in
the (mZ′/gX , λQ,2 = λQ,3) plane, for the same two choices of tanβS . Again, one can see
that much larger parameter space is available when tanβS  1.
3.2 Muon g – 2 and connections to dark matter
We recall that, once recent estimates of the hadronic and light-by-light scattering uncer-
tainties are taken into account, the measured value of the anomalous magnetic moment of
the muon, (g − 2)µ, shows a ∼ 3.5σ discrepancy with the SM: δ (g − 2)µ = (27.4± 7.6)×
10−10 [73]. (Another recent review of the hadronic vacuum polarization contributions and
uncertainties [74] yields an even more convincing δ (g − 2)µ = (31.3± 7.7)× 10−10.) In our
model one observes several contributions to the calculation of (g− 2)µ in addition to those
of the MSSM. These extra terms can allow a good fit to the (g − 2)µ anomaly within a
SUSY spectrum of broader mass range than in the MSSM.
At the one-loop level, the dominant new-physics contribution to (g−2)µ can be roughly
subdivided into two categories [75, 76]. First, there are those due to neutral scalar fields
(collectively indicated by S0) and electrically charged fermions (collectively indicated by
E±), which read
δ (g − 2)µ =
1
16pi2
∑
S0,E±
[
m2µ
m2
S0
(|cL|2 + |cR|2)F1(r) + 2 mµmE±
m2
S0
<(cLc∗R)F2(r)
]
, (3.18)
where mµ is the muon mass, cL and cR are the direct couplings of the BSM fields to the left-
and right-chiral states of the muon, respectively, r ≡ (mE±/mS0)2, and the loop functions
are given by
F1(r) ≡ 2 + 3r − 6r
2 + r3 + 6r ln r
6 (r − 1)4 , (3.19)
F2(r) ≡ 3− 4r + r
2 + 2 ln r
2 (r − 1)3 . (3.20)
Secondly, there are those from charged scalars S± and neutral fermions E0 in the loop:
δ (g − 2)µ =
1
16pi2
∑
S±,E0
[
− m
2
µ
m2
S±
(|cL|2 + |cR|2)G1(r) + mµmE0
m2
S±
<(cLc∗R)G2(r)
]
, (3.21)
where
G1(r) ≡ 1− 6r + 3r
2 + 2r3 − 6r2 ln r
6(r − 1)4 , (3.22)
G2(r) ≡ −1 + r
2 − 2r ln r
(r − 1)3 . (3.23)
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Figure 2: (a) The contribution to (g − 2)µ from the singlet scalars and VL lepton fields.
(b), (c) Examples of contributions from neutralino/slepton loops that cannot be found in
the MSSM. In all cases it is implied the photon line is attached to the electrically charged
particle in the loop.
Note that Eq. (3.21) is negative when the fields of the new physics couple to just one of the
chiral states of the muon, so that either cL or cR is equal zero, but it can become positive
for <(cLc∗R) 6= 0.
In addition to these two groups, one finds in our model contributions from the ex-
change of neutral vector fields (like the Z ′) and charged fermions in the loop, but they are
subdominant in our model and we do not discuss them in what follows.
As is well known, in the presence of chirality-flip interactions of the new physics states
with the muon (the term in cLc
∗
R in Eqs. (3.18) and (3.21)) the calculation of (g−2)µ receives
a welcome boost from BSM contributions proportional to the bare mass of the new VL
fermions, mE [77–79]. However, it is also well known (see, e.g., [80]) that these contributions
introduce sizable, albeit cut-off independent, loop contributions in the calculation of the
muon mass, as the latter is not in this case protected by chiral symmetry. One finds
δmµ ∼ mE
16pi2
< (cLc∗R) log
(
mE2
mE1
)
∼ mE
16pi2
< (cLc∗R) log
(
mS2
mS1
)
(3.24)
for any pair of mixing fermions mE1,2 (or scalars mS1,2) in the loop. This problem is
generally dealt with by adjusting the value of the muon Yukawa coupling (which is not
strongly constrained experimentally) until the large loop corrections are canceled point
by point in the parameter space. We have designed our numerical scans so to have this
procedure automatically carried out. The benchmark points we present in Sec. 4 are all
characterized by the physical muon mass within ∼ 30% of the experimental value, where
we have left some room for the unknown uncertainties of higher-order loop contributions.
As pertains to the contributions to (g − 2)µ, in the regular MSSM [81, 82] these are
generated by chargino/sneutrino loops, corresponding to Eq. (3.18), and neutralino/smuon
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loops, corresponding to Eq. (3.21). In the model described here, though, there exist im-
portant extra terms.
A first class of these diagrams are induced by the neutral (pseudo)scalars h′, H ′, A′,
and the charged heavy leptons corresponding to L′ and E′, as shown in Fig. 2(a). By
parameterizing the mixing of the new scalar and pseudoscalar fields via the angles α′ and
α′′, respectively, as is done in Appendix A, one can express the couplings of the new scalars
to the left- and right-chiral components of the muon and the 5 physical charged leptons,
labeled here in order of increasing mass, I = 1, .., 5:
cI h
′
L = λE,2 cosα
′D′†L 25D
′†
RI2 + λL,2
(− sinα′)D′†L 22D′†RI4 (3.25)
cI H
′
L = λE,2 sinα
′D′†L 25D
′†
RI2 + λL,2 cosα
′D′†L 22D
′†
RI4 (3.26)
cI A
′
L = i
(
λE,2 sinα
′′D′†L 25D
′†
RI2 + λL,2 cosα
′′D′†L 22D
′†
RI4
)
, (3.27)
cI h
′
R = λE,2 cosα
′D′†R 22D
′†
LI5 + λL,2
(− sinα′)D′†R 24D′†LI2 (3.28)
cI H
′
R = λE,2 sinα
′D′†R 22D
′†
LI5 + λL,2 cosα
′D′†R 24D
′†
LI2 (3.29)
cI A
′
R = i
(
λE,2 sinα
′′D′†R 22D
′†
LI5 + λL,2 cosα
′′D′†R 24D
′†
LI2
)
, (3.30)
where the fermion mixing matrices D′ †L,R are defined as in Eq. (3.12). Our numerical
analysis is based on a full one-loop numerical calculation, which takes into account all of
the diagrams and couplings contributing to the measured observable. It is however worth
briefly taking a look at a parametric approximation for the dominant contributions to
(g − 2)µ.
In the limit tanβ  1, the contribution from one of the new scalar fields, say H ′, and
VL leptons reads
δ (g − 2)(H′)µ ∼
mµY˜2vu
16pi2m2H′
λL,2λE,2 sin 2α
′
×
[
me5 max (ML,ME)
m2e5 −m2e4
F2(r5)− me4 min (ML,ME)
m2e5 −m2e4
F2(r4)
]
, (3.31)
where me4 ,me5 are the masses of the heaviest charged leptons in the spectra and ri =
m2ei/m
2
H′ .
We plot in Fig. 3(a) the parameter space regions yielding δ (g − 2)µ within 2σ of the
measured value using only the contribution given by Eq. (3.31). The figure is presented in
the plane of the bare superpotential VL lepton mass terms, (ML, ME), for two choices of
new Yukawa couplings, λL,2 = λE,2 = 0.4 (orange region) and λL,2 = λE,2 = 0.8 (yellow
region). A few other parameters of relevance are fixed as in the legend. One can see that
the contribution from Eq. (3.31) becomes larger when the separation between the bare
mass parameters is made large (ML  ME or vice versa), and/or when lepton mixing
due to the MSSM Higgs vev is sizable. The reader should be aware, on the other hand,
that contributions to δ (g − 2)µ from other (pseudo)scalars (h′, A′) tend to cancel the
contributions of Eq. (3.31), as at least one of them always enters with opposite sign. In
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Figure 3: (a) The region of the (ML, ME) plane yielding δ (g − 2)µ in agreement with
the experimental measurement at 2σ, if only the contribution of Eq. (3.31) is taken into
account. In orange, λL,2 = λE,2 = 0.4 ; in yellow, λL,2 = λE,2 = 0.8 . The scalar mass
and mixing parameters are fixed to typical values featured in the legend. (b) In the (me˜1 ,
MZ˜′) plane the parameter space in agreement with the measurement of δ (g − 2)µ at the
2σ level, if only the contribution of Eq. (3.34) is considered. In yellow gX = 0.4 and in
orange gX = 0.8. Other relevant parameters are fixed to the values given in the legend.
order to reduce the cancellation one is thus bound to consider parameter space characterized
by mH′  mh′ , and the mixing angles relative to H ′, A′ should be preferably such that
sinα′′ ≈ sinα′, cosα′′ ≈ cosα′.
It is important to note that contributions to δ (g − 2)µ due to new scalar/VL lepton
loops, like Eq. (3.31), do not depend on the parameters of the neutralino sector and can
in principle be present independently of the specific features of the SUSY spectrum. A
consequence of this is that in principle, by means of these contributions alone, the model
is able to resolve the (g − 2)µ anomaly for much broader range of DM mass values and
properties than in the MSSM.
There is, however, a second class of important diagrams that contribute to (g − 2)µ.
They involve combinations of the 7 neutralinos and 10 sleptons of the model, see for example
Fig. 2(b) and Fig. 2(c). After ordering the neutralinos and sleptons by their increasing
mass, I = 1, .., 7, K = 1, .., 10, one can write the full expression for the couplings to the
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muon chiral states,
cIKL = −
√
2g1
(
yeLD
′†
L 22R
n
I1R
s
K3 + yELD
′†
L 24R
n
I1R
s
K7 + yE′D
′†
L 25R
n
I1R
s
K9
)
−
√
2g2
(
T 3eLD
′†
L 22R
n
I2R
s
K3 + T
3
EL
D′†L 24R
n
I2R
s
K7
)
− Ye,22D′†L 22RnI3RsK4
− Y˜1D′†L 24RnI3RsK10 − Y˜2D′†L 25RnI4RsK8
−
√
2gXQXD
′†
L 22R
n
I5R
s
K3 − λL,2D′†L 22RnI6RsK8 + λE,2D′†L 25RnI7RsK4 ; (3.32)
cIKR = −
√
2g1
(
yeRD
′†
R 22R
n
I1R
s
K4 + yERD
′†
R 24R
n
I1R
s
K8 + yED
′†
R 25R
n
I1R
s
K 10
)
−
√
2g2T
3
ER
D′†R 24R
n
I2R
s
K8 − Ye,22D′†R 22RnI3RsK3
− Y˜1D′†R 25RnI3RsK7 − Y˜2D′†R 24RnI4RsK9
−
√
2gXQXD
′†
R 22R
n
I5R
s
K4 − λL,2D′†R 24RnI6RsK3 + λE,2D′†R 22RnI7RsK9 , (3.33)
in terms of the lepton, slepton, and neutralino mixing matrices defined as in Appendix A,
gauge couplings g1, g2, gX , isospin T
3, and hypercharge assignment y.
We point out that for this second class of important contributions we expect effects
that largely extend the parameter space consistent with the measurement of (g− 2)µ with
respect to the MSSM. Let us consider, for example, the well-known MSSM case of a nearly
pure higgsino DM particle with a mass of ∼ 1 TeV. In the MSSM neutralino/slepton loop
contributions to (g − 2)µ for a ∼ 1 TeV higgsino typically involve the product of one of
the gauge couplings g1, g2 and the small muon Yukawa coupling, and are suppressed by
the negligible Rn12(R
n
13)
† mixing. Conversely, Eqs. (3.32) and (3.33) show that in the U(1)-
extended model one can rely on the product of sizable gauge and/or Yukawa couplings
(2g2X , λL,2λE,2, etc.) and large mixing angles to boost the calculated value of (g − 2)µ.
To guide the eye, we explicitly write down a parametric approximation of the contri-
bution to δ (g − 2)µ due to the Z ′-ino and the two lightest sleptons in the spectrum, cf.
Fig. 2(b). One gets
δ (g − 2)(Z˜′)µ '
g2X
16pi2
mµMZ˜′ sin 2θeff
[
G2(t1)
m2e˜1
− G2(t2)
m2e˜2
]
, (3.34)
in terms of an effective slepton mixing angle, θeff, and where we define ti = M
2
Z˜′/m
2
e˜i
as the
squared ratio of the Z ′-ino mass to the i-th slepton mass. Typical values for sin 2θeff range
in the ballpark of 0.1−0.5, and its parametric expansion strongly depends on the particular
chosen point in the parameter space. When the lightest sleptons are nearly pure smuon
gauge eigenstates one gets, for example, sin 2θeff ≈ 2Ye,22 vu(µ tanβ −Aµ)/(m2e˜2 −m2e˜1) .
We show in Fig. 3(b) the parameter space in the (me˜1 , MZ˜′) plane in agreement with
the measured δ (g − 2)µ at the 2σ level, and with a ∼ 1 TeV higgsino DM candidate. We
plot exclusively the contribution due to Eq. (3.34), with sin 2θeff = 0.3. The region in
yellow is obtained when gX = 0.4, the region in orange when gX = 0.8, and the other
relevant parameters are fixed to the values given in the legend. One can then see that the
parameter space is much extended with respect to the MSSM [41].
To conclude this section, we point out that in the most realistic cases the contribution
to (g−2)µ is given by a combination of all of these effects, which can sum and subtract from
– 14 –
each other in a complicated way, depending on the parameter space region at hand. In
particular, in the benchmark points we present is Sec. 4, δ (g − 2)µ is obtained in agreement
with the measured value always as a result of the combination of many different diagrams,
without one single mechanism playing a dominant role.
4 Numerical results and benchmark scenarios
In this section we present benchmark scenarios that fit the flavor constraints discussed in
Sec. 3 and are representative of different interesting parameter space regions of the model.
We also analyze their DM properties and give an overview of the typical LHC bounds.
4.1 Benchmark points
Each benchmark point was generated with the numerical package SARAH v.4.12.2 [83].
1-loop corrected mass spectra and decay branching ratios were calculated with the cor-
responding SPheno [84, 85] modules, automatically produced by SARAH. Low-energy ob-
servables, including δ (g − 2)µ, have been calculated with SPheno, while to derive the
Wilson coefficients Cµ9,NP and C
µ
10,NP, as well as the parameter RBB, we used analytic
tree-level formulas (3.7) and (3.9). Dark matter related observables were calculated with
MicrOMEGAs v.4.3.1 [86], based on the CalcHEP [87] files generated by SARAH. To efficiently
scan the multidimensional space of input model parameters, we interfaced all the employed
numerical packages to MultiNest v.3.10 [88] driven by a global likelihood function.
We show in Tables 1 and 2 eight chosen benchmarks scenarios. In Table 1 we present
their input parameter values. The top panel of the table gives typical values for the relevant
MSSM input parameters; the bottom panel holds instead the values associated with the
U(1)X sector.
In Table 2 we present physical masses and some mixing parameters of the selected
benchmark points, and give the value of the observables of interest. All the benchmark
points featured in the tables are characterized by δ (g − 2)µ in agreement with the experi-
mental determination within 2σ, the loop-corrected muon mass within 30% of the measured
value, and Cµ9,NP and C
µ
10,NP in agreement with the estimates of the most recent global fits,
Eqs. (3.4) and (3.5).
4.2 Dark matter
Depending on the properties of the lightest SUSY particle (LSP), our neutralino DM can
be divided into three different categories. Note, however, that we focus here on the states
typical of our Z ′-extended model and refrain from addressing those solutions giving the
relic density and (g − 2)µ in the MSSM, which generally involve a bino-like neutralino
LSP co-annihilating in the early Universe with a slepton, or undergoing s-channel resonant
annihilation mediated by one of the MSSM Higgs fields. (Note that slepton-coannihilation
and A/H-funnel are also the favorite DM mechanisms in minimal MSSM extensions by a
pair of VL fermion multiplets of the SU(5) group, which also contribute positively to the
(g − 2)µ calculation [89].)
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Parameter BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8
m0 2678 2957 1915 1548 3017 2278 2481 2291
mq˜,33 =mu˜,33 7156 5007 4956 4062 5489 5236 6068 5390
M1,2 3920 2726 1913 2463 1906 1839 2924 2128
M3 2615 3167 2911 3148 2990 3024 2849 3106
A0 − 5625 − 2588 − 4286 − 4208 − 5468 − 4355 − 2117 − 5327
B0 − 918 − 1486 − 1456 − 1159 − 756 − 745 − 1623 − 1344
µ 1013 1143 1509 1128 1265 1725 1044 1098
Bµ [10
5] 4.8 1.9 5.1 3.5 4.7 2.8 1.4 3.2
tanβ 47.9 53.3 48.9 47.0 42.3 36.6 35.3 43.0
MQ 1900 2000 2672 2182 2000 2110 1800 1888
ML 2230 954 915 2450 2972 1364 815 1174
ME 701 700 1046 2141 497 1534 2262 801
λQ,2 = λQ,3 0.08 0.07 0.80 0.15 0.08 0.80 1.10 0.07
λL,2 − 1.2 −0.895 − 0.579 − 0.404 − 1.069 − 1.380 − 1.05 0.436
λE,2 − 0.8 0.908 − 0.746 − 0.921 − 0.520 0.705 − 0.713 − 1.452
Y˜1 0.855 −0.426 0.098 0.450 − 0.338 − 0.567 − 0.615 − 1.144
Y˜2 0.525 0.651 0.245 − 0.903 − 0.699 0.388 − 0.958 − 0.435
µS − 1270 − 2161 − 388 968 1125 − 1764 − 399 − 994
BµS [10
6] − 3.5 − 0.9 − 1.2 − 3.9 − 4.7 − 3.4 − 1.3 − 1.0
tanβS 13.6 4.9 0.11 0.73 6.4 0.11 0.06 12.7
mZ′ 500 351 310 472 419 798 430 690
MZ˜′ 1943 1592 1151 1385 1844 641 815 491
gX 0.79 0.376 0.53 0.66 0.62 0.87 0.63 0.76
Ye,22 0.016 − 0.087 0.029 0.026 0.034 − 0.015 − 0.018 − 0.012
Table 1: Input parameters at the SUSY scale for our benchmark scenarios. Dimensionful
quantities are given in GeV and GeV2.
• BP1-BP2: 1 TeV higgsino and the XENON-1T excess. Benchmarks BP1 and
BP2 feature a ∼ 1 TeV higgsino LSP (µ ≈ 1 TeV ≈ mχ01 ≈ mχ±1 ≈ mχ02), which is a well
studied DM particle of the MSSM [90]. Unlike in the MSSM, however, where typically
there does not exist a solution for the (g − 2)µ anomaly in the parameter space with a
∼ 1 TeV higgsino, due to the associated large mass for the sleptons in the spectrum, in this
model δ (g − 2)BP1,BP2µ > 10−9.
The enhanced (g − 2)µ value is due to a combination of the mechanisms described
in Sec. 3.2. In the particular case of BP1, the largest contribution is given by new neu-
tralino/slepton loops, which boost the value of the anomalous magnetic moment even in
the presence of a fairly large slepton mass, thanks to the presence of several neutralino
states not far above the ∼ 1 TeV scale, as illustrated in Fig. 3(b). In the case of BP2 the
presence of a fairly light, . 500 GeV scalar, h′, associated with the breaking of the U(1)X
– 16 –
BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8
mχ01 1042 1165 328 848 1071 429 257 273
mχ˜02 1044 1168 417 1046 1186 1719 470 1118
mχ±1
1043 1167 1529 1153 1289 1731 1068 1120
mg˜ 2867 3373 3029 3176 3238 3171 3034 3226
mh 125.5 123.6 123.2 125.6 126.0 123.6 125.1 124.6
mA,H 3830 2128 4189 3108 3752 1996 1753 2765
mh′ 487 360 291 423 402 739 406 645
mA′,H′ 6788 2475 3026 5031 5558 5083 4309 3508
me4 706 706 937 2109 503 1386 830 797
me5 2301 1139 1094 2490 3026 1602 2256 1226
MSUSY 3117 3446 2785 2334 3417 2863 3030 2837
me˜1 2521 2693 1596 1524 2928 2096 2444 2031
me˜2 2656 2780 1811 1555 2988 2223 2478 2089
mZ′ 491 348 303 465 412 791 423 684
mu4≈md4 2164 2227 2436 2433 2246 2379 2035 2140
Ωχh
2 0.11 0.12 0.10 0.11 0.11 0.10 0.11 0.10
Nhiggsino 99.9% 99.8% 0 0 0 0 0 0
NS˜1 0 0 53% 32% 41% 18% 57% 33%
NS˜2 0 0 40% 48% 50% 2% 25% 4%
NZ˜′ 0 0 7% 20% 9% 80% 18% 63%
σSIp × 1046 0.63 2.4 1×10−3 8×10−3 4×10−2 4×10−4 1×10−2 2×10−3
σv × 1026 0.9 1.0 1.3 2.2 2.1 7×10−3 3×10−4 4×10−5
final state WW/ZZ WW/ZZ Z ′/h′ Z ′ Z ′/h′ Z ′ Z ′/h′ Z ′ e¯3 e3 u¯3 u3 u¯3 u3
δ (g − 2)µ×109 2.1 1.6 1.6 1.3 1.4 1.1 1.3 2.3
Cµ9,NP − 1.04 − 0.61 − 0.67 − 0.99 − 0.93 − 1.02 − 0.71 − 0.81
Cµ10,NP − 0.03 − 0.08 0.02 0.01 − 0.01 0.04 0.01 − 0.02
RBB × 103 2 2 0.6 2 2 4 0.9 2
BRh→µµ × 104 2.0 4.8 3.5 3.1 4.1 < 10−4 3.2 < 10−4
Z ′ decays e¯, ν¯2,3 e, ν2,3
h′ decays ZZ, WW χ01χ01 ZZ,WW χ01χ01
e4 decays e2 h
′, e2 Z ′
Table 2: Spectrum and various observables for our benchmark points. Masses are given
in GeV, spin-independent cross section σSIp in cm
2, and present-day annihilation cross
section σv in cm3/s. We define, as usual, MSUSY = (mt˜1mt˜2)
1/2 as the geometrical average
of stop masses.
symmetry, introduces a sizable contribution to the scalar/VL lepton loop, as described in
Sec. 3.2 and illustrated in Fig. 3(a). Note that in general, these new contributions require
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Figure 4: Example of early-Universe annihilation diagrams for highly-mixed Z ′-
ino/singlino neutralinos, yielding to final states dominated by the h′ and Z ′ bosons.
sizable, but not abnormally large, new Yukawa couplings: |λL,2|, |λE,2| ∼> 0.5.
Interestingly, benchmark points like BP1 and BP2 feature a typical value of the spin-
independent cross section, σSIp , large enough to provide a possible explanation for the slight
excess of events observed in the XENON-1T 1-year data [59]. The XENON Collaboration
has recorded a few events over the background consistent at ∼ 1σ with a best-fit point
featuring σSIp = 4.7×10−47 cm2 for a WIMP mass mχ = 200 GeV, or σSIp ≈ 1−2×10−46 cm2
for mχ ≈ 1 TeV. A spin independent cross section of this size corresponds to a typical
gaugino mass of about 2.5 − 3 TeV. For recent reviews of the typical direct and indirect
DM detection signatures of the ∼ 1 TeV higgsino in the MSSM, see [57, 58].
• BP3-BP5: Well-tempered Z′-ino/singlino. The three benchmark points BP3-BP5
represent scenarios in which the neutralino LSP is predominantly singlino, with a non-
negligible admixture of Z ′-ino. The relic density is obtained thanks to a combination of
different annihilation diagrams and final states, the most dominant of which is a t-channel
exchange of the second singlino to pair-produce the lighter Z ′ or h′ boson, as depicted in
Fig. 4. This scenario is reminiscent of the “well-tempered” neutralino of the MSSM [91]
but, unlike the latter, it involves exclusively the neutralinos of the Z ′-related sector.
The parameter space spans over a wide range of neutralino mass values, which can
be as heavy as ∼ 1 TeV, and of spin-independent cross sections, typically in the range
σSIp = 10
−50−10−46 cm2. Since the dominant interaction of the neutralino with nuclei in
underground detectors stems in this case from a t-channel exchange of the scalar h′, its
strength is highly dependent on the size of the effective loop couplings that, on the one
hand, connect h′ to the gluons in the proton, and on the other, generate the mixing of h′
with the SM Higgs (recall that at the tree level the scalar mass matrix is block-diagonal).
Since to efficiently control the relative size of these effects one would need a detailed analysis
of the loop interactions of the model, we do not attempt in this work to connect this type
of mixed neutralino scenarios to the XENON-1T excess.
As pertains to the (g − 2)µ anomaly, the dominant contribution for BP3-BP5 is given
by the neutralino/slepton loops, enhanced by the presence of several neutralinos not far
above the ∼ 1 TeV scale, and sizable Yukawa couplings |λL,2|, |λE,2| ∼> 0.5.
• BP6-BP8: Z′ resonance.
The last set of benchmark points give examples of neutralinos that show a sizable Z ′-ino
composition, with subdominant or equivalent singlino components. In the early Universe
an annihilation cross section of the right size for the relic abundance can be obtained
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Figure 5: The dominant early-Universe annihilation channel for a predominantly Z ′-ino
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Figure 6: The position of the benchmark points in the (mχ, σ
SI
p ) plane, compared to
the current 90% C.L. upper bound from the XENON-1T Collaboration [59]. Different
point-styles mark the different types of neutralinos described in Sec. 4.2.
through an s-channel resonance with the fairly broad Z ′ boson, yielding to final states
highly dominated by muons and taus, as is typical of Lµ − Lτ models (see, e.g., [42, 51]).
We show the diagram for this process in Fig. 5.
As before, the spin-independent scattering cross section with protons is due to the
exchange of a h′ boson, and is consequently suppressed by loop effects. At the same
time, the present-day annihilation cross-section, σv, is suppressed by p-wave and thermal
broadening, so that this scenario is difficult to detect by direct and indirect searches for
DM. As we shall see in Sec. 4.3, since BP6-BP8 are characterized by a fairly light Z ′ boson,
in the cases where tanβS > 1 the best prospects for detection might be provided by the
high-luminosity LHC (HL-LHC).
We summarize in Fig. 6 the position of our eight benchmark points in the (mχ, σ
SI
p )
plane. The different types of neutralinos described above are marked with different style,
according to the legend.
4.3 Additional constraints on the flavor structure
As we have seen in the previous sections, a proper fit to the (g − 2)µ and flavor anomalies
requires the presence of an extra flavor structure beyond the MSSM. While flavor physics
(and in particular Bs-mixing) provides the dominant constraint on our model, other BSM
– 19 –
searches can also be relevant in certain regions of the parameter space.
Neutrino trident production
Since the Lµ−Lτ gauge boson couples at the tree-level to muon and tau neutrinos, one can
expect a strong enhancement in the neutrino trident production from scattering on atomic
nuclei N : Nν → νNµ+µ− [92]. The cross section for this process has been measured by the
CCFR [93] and CHARM-II [94] collaborations to be in agreement with the SM prediction,
leading in the large mZ′ limit (mZ′ ∼> 10 GeV) to a generic bound:
mZ′/gX & 540 GeV . (4.1)
This constraint typically provides a lower bound on the accessible mZ′ mass, independent
of the remaining parameters of the flavor sector.
LHC Higgs measurements in the muon channel
We have mentioned in Sec. 3.2 that, since the largest contributions to the calculation of
(g − 2)µ involve loop diagrams that violate chiral symmetry, one must proceed to tune
the Yukawa coupling of the muon against large loop corrections to the muon mass. Thus,
a powerful constraint on the benchmark points can be derived from measurement of SM
Higgs decay in the µµ channel, which test directly the effective muon Yukawa coupling.
The current experimental signal strength for this channel is σ/σSM = 0± 1.3 [95].
Since the mixing between the new Higgs sector and the MSSM one is loop-suppressed,
the production mechanism for the 125 GeV Higgs boson is to a good approximation similar
to the one of the SM. Hence the quantity that determines directly the signal strength is
the branching ratio to muons, which in the SM reads BR(hSM → µµ) = 2.2 × 10−4 [95].
We report the corresponding value of the branching ratio for our benchmark points at the
bottom of Table 2. Note that in all benchmark points we are within the current upper
bound BR(hSM → µµ) < 5.7× 10−4, even if all points are characterized by significant loop
contributions to (g − 2)µ.
At the tree level, the branching ratio is directly proportional to the effective Yukawa
coupling squared, |Yeff,22|2, between the SM Higgs, hSM, and the muon: L ⊃ −Yeff,22 (hSM eL,2 eR,2
+ h.c.). In our model, this effective coupling can be readily expressed as
Yeff,22 = Ye,22 (− sinα)D′†L,22D′†R,22 + Y˜1 (− sinα)D′†L,24D′†R,25 + Y˜2 (cosα)D′†L,25D′†R,24 ,
where we use the rotation matrix elements defined in Eq. (3.12), and the Higgs rotation
angle α is defined in Appendix A. In the large tanβ limit, we find
|Yeff,22|2 ≈ 1
tan2 β
1(
1 +
λ2E,2v
2
2
2M2E
)(
1 +
λ2L,2v
2
1
2M2L
) (Ye,22 + Y˜1 v1v2λE,2λL,2
2MEML
)2
. (4.2)
In particular, the effective Yukawa coupling contains a term originating from the new VL
sector. Hence, depending on the values of Ye,22 and Y˜1 the two terms can cancel out,
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Figure 7: The dominant production and decay channels for the beyond the MSSM bosons.
(a) Heavy quark fusion production of Z ′. (b) Gluon fusion production of h′.
leading to a branching ratio significantly lower than the SM value. This typically occurs
in our benchmark points BP6 and BP8.
The main consequence of these effects is that, by increasing the sensitivity of Higgs
searches in the muon channels, the LHC collaborations can constrain the Yukawa couplings
of our models, which in turn will refine the predictions of our model for (g− 2)µ and flavor
observables in general.
LHC exotica searches
The MSSM sector of the model could be in principle tested by a wide set of LHC SUSY
searches. However, since all the anomalies discussed in Sec. 3 can be accommodated by
setting the masses of the MSSM gluinos, charginos, squarks, and sleptons above the cor-
responding experimental lower bounds, we do not consider the impact of these searches in
this work.
On top of the MSSM particles, the model presented in this paper can feature several
new fields in the sub-TeV regime, including the new gauge boson an additional neutral Higgs
boson, and the fourth and fifth-generation VL leptons. In the following, we will study the
bounds on these states from existing LHC searches, to ensure that the benchmark points
presented in Tables 1 and 2 are compatible with the experimental data. In our numerical
analysis we use the UFO model file generated by SARAH v.4.12.2 [83] and passed to
MadGraph5 aMC@NLO [96] to estimate the relevant LO cross sections times the branching
ratio quantities.
Z′ signatures The new gauge boson Z ′ couples to the SM fields either through its
mixing with the Z boson (which we assume to be negligible in this study), or through the
mixing between the U(1)X -charged VL quarks and their SM counterparts.
The dominant production mechanism of Z ′ is heavy quark fusion, as shown in Fig. 7(a).
Since it can only proceed through the mixing of Q with the s and b quarks, it is PDF-
suppressed and crucially depends on the value of v1, see Eq. (3.16). This implies that Z
′
production is strongly suppressed when tanβS  1.4
4Note that the assumption about no kinetic mixing is crucial here, as otherwise a constant contribution
proportional to the mixing parameter ′ would be generated.
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Figure 8: Bounds from Bs-mixing (gray area is excluded) and neutrino trident production
(dark gray area is excluded). Upper exclusion bound from current ATLAS [97] dilepton
search (red line), our HL-LHC projection for the same analysis (dashed red line), di-Z
search from h′ decay (orange line) and the region favored by the RK(∗) anomalies (green
area), in the λQ,2 and mZ′/gX plane for the ratios (a) λQ,2 = λQ,3, (b) and λQ,2 = 10×λQ,3.
All other parameters are chosen according to benchmark point BP1 (blue star) as presented
in Tables 1 and 2 .
The dominant visible decay channel of Z ′ is into a pair of muons or taus. The strongest
experimental limits at
√
s = 13 TeV are provided by the ATLAS [97] and CMS [98] high-
mass resonance searches based on the dilepton channels for 36 fb−1 luminosity. The limits
apply to the product of production cross section times the branching fraction into a pair of
muons, as a function of the Z ′ mass. In Fig. 8(a) we show in red solid the 95% C.L. dilepton
exclusion upper bound based on the ATLAS analysis as a function of the new Yukawa
coupling λQ,2 and of the Z
′ mass, for the choice of other model parameters corresponding
to BP1 (depicted with a blue triangle). We also present, as a red dashed line, our estimate
of the potential reach of the HL-LHC with an integrated luminosity of 3000 fb−1.
Incidentally, note that the parameters of interest for the Z ′ production are MQ, λQ,2,
v1 and gX , the same that also enter the Bs mixing. However, in contrast to the upper
bounds from Bs-mixing (depicted in Fig. 8(a) as a gray shaded region), the Z
′ production
relies mostly on the mixing between the VL quark Q and the strange quark, and hence
on the product v1λQ,2. This implies that when the Yukawa couplings of the VL quarks
present an inverted hierarchy, λQ,3  λQ,2, the exclusion bound bites more deeply into the
region of the parameter space favored by the LFUV anomalies, shown here in green. We
illustrate this effect in Fig. 8(b), in which we assume that λQ,2 = 10λQ,3. This feature
opens up the possibility of experimentally testing the structure of the BSM flavor sector
with the HL-LHC. Finally, the fact that the Z ′ is dominantly produced through its coupling
to strange quarks sets apart the low-energy limit of our model from the effective approach
of [99] where it was found that a discovery at HL-LHC required large Bs-mixing values.
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We do not show the corresponding exclusion bounds for other benchmark points from
Table 1. As long as tanβS  1 (BP2, BP5, and BP7), their dependence on the parameters
of interest is exactly the same as the one shown in Fig. 8(a). If, on the other hand, tanβS 
1 (as is the case of BP3, BP4, BP6, and BP7), Z ′ production is strongly suppressed at the
LHC and the dilepton searches do not provide any constraints for perturbative values of
λQ,2.
New light Higgs decays In order to open up an efficient mechanism for pair annihilation
of the neutralino LSP in the early Universe, for BP3-BP5 the lightest of the two new neutral
Higgs bosons, h′, has a mass in the sub-TeV regime. Similarly the sub-TeV Z ′ and h′ are
favored by (g − 2)µ in the case of BP1 and BP2 and by the Z ′ resonance for BP6-BP8.
When kinetic mixing is negligible, h′ interacts with the SM particles either through its
(loop-induced) mixing with the SM Higgs, or through the loops mediated by the new VL
fermions. The dominant production channel of h′ is gluon fusion, shown in Fig. 7(b), with
an effective coupling to gluons Ch′gg generated via the two above-mentioned mechanisms.
The former typically dominates for lighter h′, while the latter for heavier.
Decays of the new Higgs boson are driven mostly by its mixing with the SM Higgs, with
the highest branching ratios into h′ → W+W− and h′ → ZZ for the benchmark points
shown in Table 1. Such decay channels have been studied by both the ATLAS and CMS
collaborations, with the most recent results reported in [100–102] for the former, and [103]
for the latter. While these searches can typically probe σ × BR values down to 10 − 100
fb, in our model h′ production is typically very suppressed by being loop-induced. Overall,
we find that the corresponding experimental bounds, illustrated in Fig. 8(a) as an orange
solid line, are weaker than the ones from the Z ′ searches.
More generally, we observe that also in this case tanβS is the key parameter that
allows to access the new sector experimentally. Since only the S1 scalar couples directly
to the new heavy VL quarks, see Eq. (2.8), for tanβS  1 the new light Higgs boson is
effectively secluded from the SM.
Masses of VL fermions The new VL leptons can be pair-produced at the LHC via
Drell-Yan. Their preferential decay modes are e4,5 → e2 Z ′, e4,5 → e2 h′ for lighter Z ′, and
e4,5 → e2 Z, e4,5 → e2 h when the Z ′ is heavier than all of the leptons. Multi-lepton searches
at the LHC typically set constraints on these second type of decay chains, which translate
into a lower bound on the VL lepton mass of the order of ML,ME ∼> 200 − 300 GeV,
depending on the branching ratio [104, 105].
In the bulk of our parameter space, however, the 4th and 5th lepton generations are
generically heavier and decay preferentially via Z ′ and h′. While the former lead to final
states similar to the standard Z-induced decay (but with different kinematics due to the
heavy mass of the Z ′), the latter typically implies final states with larger lepton and/or jets
multiplicities, as h′ decays in turn into a pair of W or Z bosons. No existing LHC bounds
actually apply to these states, and deriving a constraint would require a full recasting,
which exceeds the purposes of this work. Let us simply note that the pair production cross
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section for such states is typically very small: σpp→L′L′ ≈ 2 fb for VL lepton masses of
around 500 GeV.
It is easier to pair-produce the new VL quarks. Searches for heavy tops/bottoms
have been regularly updated by both the ATLAS and CMS collaborations, with exclusion
bounds implying MQ ∼> 900 − 1300 GeV depending on the branching ratio of the VL
particles. These searches generally assume decay channels to b/t mediated by h/W/Z. In
our model Q and Q′ often dominantly decay emitting an h′ or Z ′ instead of a SM boson.
As BR(Z ′ → νµ,τ νµ,τ ) ≈ 30%, the most relevant (and directly applicable) search is the
ATLAS Collaboration bound [106], on Q→ tZ followed by Z → νν. It reads MQ ∼> 1 TeV.
Interestingly, the Lµ − Lτ nature of the Z ′ implies that it decays almost exclusively into
leptons, making VL searches based on multi-jets final state less-sensitive.
Overall, since the flavor anomalies considered in this study only loosely constrain the
mass of VL quarks, we choose MQ in the multi-TeV region, safely away from all current
LHC bounds.
Electroweak precision
Another class of low-energy observables that can be affected by BSM physics above the
EWSB scale are the electroweak precision observables (EWPOs). Within the model con-
sidered in this study they can in principle originate from different sources. SUSY is known
to not generate large contributions to EWPO constraints [107] as it decouples quickly with
MSUSY. Extra scalar multiplets could in principle be responsible for measurable devia-
tions from the experimental data if their components were not mass-degenerate. This is,
however, not the case in this study since S1 and S2 are SM singlets. Therefore, the only
source of extra contributions to EWPOs are VL fermions Q,Q′, L,L′, and E,E′. Since
the VL fermions couple to the gauge bosons with vector couplings only, and we assume
in this study that the kinetic mixing between Z and Z ′ is negligible, their contribution to
EWPOs is expected to be proportional exclusively to the mixing with the chiral fermions
of the SM.
The first class of BSM corrections we analyze are the oblique corrections to the gauge
bosons’ vacuum polarization, quantified by the Peskin-Takeuchi parameters S, T and
U [108]. The size of the parameter T depends on the difference between the Z and W
bosons’ self-energies, and as such is sensitive to the mass splitting between the components
of electroweak doublets [109],
T =
1
32pi2v2α
∑
∆m2, (4.3)
where α is the fine-structure constant, and
∆m2 = m21 +m
2
2 −
2m21m
2
2
m21 −m22
ln
m21
m22
, (4.4)
where we denoted as m1 and m2 the masses of the doublet’s components. In our scenario
both components of the VL doublets Q,Q′ and L,L′ remain degenerate at the tree level,
so that the resulting contribution to T is very small.
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BP1 BP2 BP3 BP4 BP5 BP6 BP7 BP8
ce4L /c
SM
L 10
−6 10−3 10−4 10−3 10−6 10−3 10−3 10−4
ce5L /c
SM
L 10
−2 10−2 10−5 10−2 10−2 10−5 10−7 10−2
ce4R /c
SM
L 10
−4 10−2 10−3 10−2 10−3 10−4 10−5 10−3
ce5R /c
SM
L 10
−8 10−4 10−2 10−4 10−8 10−1 10−2 10−6
Table 3: Suppression factors of the VL lepton-gauge boson couplings w.r.t. the SM ones.
The oblique parameter S is defined as [108]
αS =
sin2(2θW )
m2Z
[
ΠZZ(m
2
Z)−ΠZZ(0)−Πγγ(m2Z)− 2 cot(2θW )ΠγZ(m2Z)
]
. (4.5)
Vacuum polarizations scale like ΠAA ∼ c2L,R, where cL and cR denote couplings of the
left- and right-handed fermions to the corresponding gauge bosons, in analogy to the ones
introduced in Sec. 3.2. In our scenario the size of the effect is directly proportional to the
mixing of the VL fermions with the ones of the SM,
cdiL ∼ cSML (DL i2)2, cdiR ∼ cSMR (DR i2)2 , i = 4 ,
c
ej
L ∼ cSML (D′L j2)2, c
ej
R ∼ cSMR (D′Rj2)2 , j = 4, 5 , (4.6)
where cSML,R denote the corresponding left- and right-handed couplings of the SM chiral
fermions. As a result, the BSM contributions to S are strongly suppressed by a small mixing
of the BSM sector with muons and quarks b and s. The corresponding suppression factors
in the lepton sector for the benchmark points are presented in Table 3. The corresponding
suppressions in the quark sector are of the order of 10−4.
Finally, contributions from VL fermions to the oblique parameter U are generally much
smaller and can be neglected.
The non-oblique corrections, i.e., one-loop corrections to the coupling of the Z boson
with the left-handed and right-handed muons can arise due to their mixing with the BSM
leptons L,L′ and E,E′. Again, since they are given by
∆gµL,R ∼
∑
j
(c
ej
L,R)
2 , (4.7)
the extra sector contribution is strongly suppressed.
5 Summary and conclusions
In this work we considered a supersymmetric version of a model with an Lµ − Lτ gauge
symmetry and the addition of VL fermions. In several studies SM extensions based on
U(1)Lµ−Lτ without SUSY have been shown to provide arguably the most natural framework
for an explanation of the recent LHCb flavor anomalies. In this work we showed that, by
further introducing supersymmetry, the model becomes endowed with several welcome
– 25 –
additional features, on top of reproducing the Wilson coefficients Cµ9,NP and C
µ
10,NP favored
by the global effective field theory fits.
First and foremost, the SUSY model can show excellent agreement with the long-
standing experimental anomaly in (g−2)µ, and naturally provide a WIMP DM candidate,
in the form of the lightest neutralino. These are not in themselves features exclusive to
the SUSY extension, as some papers have already pointed out that parameter space can
be found in non-SUSY U(1)X models where viable solutions for thermal DM and (g − 2)µ
coexist. What is, however, a peculiar feature of the SUSY extension is that the regions
of the parameter space abiding to both the relic density and (g − 2)µ constraints can
accommodate a DM particle as heavy as the TeV scale, due to the presence of new Higgs
fields and additional neutralinos in the spectrum, which show sizable interactions with the
muon and charged sleptons. This feature places our model in contrast to both its non-SUSY
counterparts and the MSSM, where the measurement of the muon anomalous magnetic
moment typically constrains the WIMP to a maximum mass of a few hundred GeV.
Interestingly, among those TeV-scale WIMPs associated with a solution to the flavor
anomalies we find the well-known ∼ 1 TeV higgsino, which in the MSSM is the typical DM
accompanying sparticles in the multi-TeV range, and thus emerges as favorite in global
statistical SUSY analyses after the discovery of the Higgs boson at 125 GeV. As the
characteristic scattering cross section of the higgsino with nuclei is expected to be within
the near-future reach of underground direct detection experiments, an exciting possibility
opens up, that the model considered here might provide an explanation for the very recent
slight event excess in the large DM mass region reported by the XENON-1T Collaboration.
We finally showed that the constraints from flavor precision measurements and direct
BSM searches at the LHC do not currently probe the parameter space relevant for the
analyzed muon anomalies. At the same time we pointed out that some novel experimental
signatures can arise, possibly allowing the model to be tested at the LHC in searches
for VL fermions. More precisely, the VL quarks and leptons mostly decay by emitting
a heavy boson h′ or Z ′ instead of a SM one as is usually assumed in standard searches.
This typically leads to leptonically-rich final states and to leptons with higher pT than
in standard VL searches. More generally, the fact that the Z ′ originates from a Lµ − Lτ
gauge symmetry implies that observing a signal in multi-lepton VL searches, but not in
multi-jets, could play the role of smoking gun for this type of models.
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Appendix
A Some details of the model
We provide in this appendix some of the technical details of our model. The superfield
content and gauge quantum numbers with respect to the four gauge groups are summarized
in Table 4.
Fermion masses
The explicit tree-level form of the charged lepton mass matrix reads, in the basis
(eL, µL, τL, EL, E
′) × (eR, µR, τR, ER, E),
Me =

Ye,11vd 0 0 0 0
0 Ye,22vd 0 λL,2v1/
√
2 0
0 0 Ye,33vd λL,3v1/
√
2 0
0 0 0 −ML Y˜1vd
0 −λE,2v2/
√
2 −λE,3v2/
√
2 Y˜2vu ME
 , (A.1)
where v2 ≡ v2u + v2d = 174 GeV and v2S ≡ v21 + v22 = m2Z′/g2X . We adopt throughout this
paper the assumption λL,3 ≈ λE,3 ≈ 0.
The explicit form of the tree-level down-type quark mass matrix, in the basis (dL, sL, , bL, DL)
× (dR, sR, bR, DR), reads
Md =

λQ,1v1/
√
2
Yd,ij vd λQ,2v1/
√
2
λQ,3v1/
√
2
0 0 0 −MQ
 , (A.2)
where we assume throughout this work that λQ,1 ≈ 0.
As was mentioned in Sec. 3.1, we diagonalize the fermion mass matrices by means of
unitary matrices, DL, DR and D
′
L, D
′
R, such that
Dd = D†LMdDR , De = D′†LMeD′R, (A.3)
where Md and Me are, respectively, the down-type quark and charged-lepton mass ma-
trices presented above and Dd and De are the corresponding diagonal matrices. Mass
eigenstates di, ei in terms of gauge eigenstates d
′
i, e
′
i, where the former are ordered by
increasing mass, and the latter are ordered as in the bases given above, are given by
dL(R) j =
∑
r
D†L(R) jrd
′
L(R) r , eL(R) j =
∑
r
D′†L(R) jre
′
L(R) r . (A.4)
SUSY sector masses
The 10×10 dimensional slepton mass matrixM2e˜ , in the basis (e˜L, e˜R, µ˜L, µ˜R, τ˜L, τ˜R, E˜L, E˜R, E˜′, E˜),
reads:
M2e˜Le˜L = Y
2
e,11v
2
d +m
2
e˜L
+m2Z cos 2β
(
−1
2
+ sin2 θW
)
(A.5)
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Field SU(3) SU(2)L U(1)Y U(1)X
l1 1 2 −1/2 0
l2 1 2 −1/2 +1
l3 1 2 −1/2 −1
eR 1 1 +1 0
µR 1 1 +1 −1
τR 1 1 +1 +1
qi=1,2,3 3 2 +1/6 0
uR, i=1,2,3 3¯ 1 −2/3 0
dR, i=1,2,3 3¯ 1 +1/3 0
hu 1 2 +1/2 0
hd 1 2 −1/2 0
Q 3 2 +1/6 −1
Q′ 3¯ 2 −1/6 +1
L 1 2 −1/2 0
L′ 1 2 +1/2 0
E 1 1 +1 0
E′ 1 1 −1 0
S1 1 1 0 −1
S2 1 1 0 +1
Table 4: The left-chiral superfields of the model and their gauge quantum numbers.
M2e˜Le˜R = Ye,11vd (Ae − µ tanβ) (A.6)
M2e˜Lµ˜L = M
2
e˜Lµ˜R
= M2e˜Lτ˜L = M
2
e˜Lτ˜R
= M2
e˜LE˜L
= M2
e˜LE˜R
= M2
e˜LE˜′
= M2
e˜LE˜
= 0; (A.7)
M2e˜Re˜R = Y
2
e,11v
2
d +m
2
e˜L
−m2Z cos 2β sin2 θW (A.8)
M2e˜Rµ˜L = M
2
e˜Rµ˜R
= M2e˜Rτ˜L = M
2
e˜Rτ˜R
= M2
e˜RE˜L
= M2
e˜RE˜R
= M2
e˜RE˜′
= M2
e˜RE˜
= 0; (A.9)
M2µ˜Lµ˜L = Y
2
e,22v
2
d +m
2
µ˜L
+ λ2L,2v
2
1 +m
2
Z cos 2β
(
−1
2
+ sin2 θW
)
− g
2
X
2
(
v21 − v22
)
(A.10)
M2µ˜Lµ˜R = Ye,22vd (Aµ − µ tanβ) (A.11)
M2µ˜Lτ˜L = M
2
µ˜Lτ˜R
= 0 (A.12)
M2
µ˜LE˜L
= −ML λL,2v1 (A.13)
M2
µ˜LE˜R
= a
(2)
S1
v1 + µSλL,2v2 (A.14)
M2
µ˜LE˜′
= −Ye,22vd λE,2v2 + Y˜2vuλL,2v1 (A.15)
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M2
µ˜LE˜
= 0; (A.16)
M2µ˜Rµ˜R = Y
2
e,22v
2
d +m
2
µ˜R
+ λ2E,2v
2
2 −m2Z cos 2β sin2 θW +
g2X
2
(
v21 − v22
)
(A.17)
M2µ˜Rτ˜L = M
2
µ˜Rτ˜R
= 0 (A.18)
M2
µ˜RE˜L
= 0 (A.19)
M2
µ˜RE˜R
= Ye,22vd λL,2v1 − Y˜2vuλE,2v2 (A.20)
M2
µ˜RE˜′
= −a(2)S2 v2 − µSλE,2v1 (A.21)
M2
µ˜RE˜
= −ME λE,2v2; (A.22)
M2τ˜Lτ˜L = Y
2
e,33v
2
d +m
2
τ˜L
+m2Z cos 2β
(
−1
2
+ sin2 θW
)
+
g2X
2
(
v21 − v22
)
(A.23)
M2τ˜Lτ˜R = Ye,33vd (Aτ − µ tanβ) (A.24)
M2
τ˜LE˜L
= M2
τ˜LE˜R
= M2
τ˜LE˜′
= M2
τ˜LE˜
= 0; (A.25)
M2τ˜Rτ˜R = Y
2
e,33v
2
d +m
2
τ˜L
−m2Z cos 2β sin2 θW −
g2X
2
(
v21 − v22
)
(A.26)
M2
τ˜RE˜L
= M2
τ˜RE˜R
= M2
τ˜RE˜′
= M2
τ˜RE˜
= 0; (A.27)
M2
E˜LE˜L
= m2L +M
2
L + Y˜
2
1 v
2
d +m
2
Z cos 2β
(
−1
2
+ sin2 θW
)
(A.28)
M2
E˜LE˜R
= −BML (A.29)
M2
E˜LE˜′
= −MLY˜2vu +MEY˜1vd (A.30)
M2
E˜LE˜
= Y˜1vd (AY1 − µ tanβ) ; (A.31)
M2
E˜RE˜R
= m2L′ +M
2
L + λ
2
L,2v
2
1 + Y˜
2
2 v
2
u −m2Z cos 2β
(
−1
2
+ sin2 θW
)
(A.32)
M2
E˜RE˜′
= Y˜2vu (AY2 − µ cotβ) (A.33)
M2
E˜RE˜
= MEY˜2vu −MLY˜1vd ; (A.34)
M2
E˜′E˜′ = m
2
E′ +M
2
E + λ
2
E,2v
2
2 + Y˜
2
2 v
2
u +m
2
Z cos 2β sin
2 θW (A.35)
M2
E˜′E˜ = BME ; (A.36)
M2
E˜E˜
= m2E +M
2
E + Y˜
2
1 v
2
d −m2Z cos 2β sin2 θW . (A.37)
The slepton mass matrix is diagonalized by a unitary matrix Rs, such that
D2e˜ = RsM2e˜Rs† (A.38)
– 29 –
and the mass eigenstates are given in terms of the gauge eigenstates, in the order given
above, as
e˜i = R
s
ij e˜
′
j . (A.39)
And finally let us explicitly write the 7× 7 dimensional neutralino mass matrix at the
tree level, in the basis (B˜, W˜ , h˜d, h˜u, Z˜
′, S˜1, S˜2),
Mχ =

M1 0 − 1√2g1vd
1√
2
g1vu 0 0 0
0 M2
1√
2
g2vd − 1√2g2vu 0 0 0
− 1√
2
g1vd
1√
2
g2vd 0 −µ 0 0 0
1√
2
g1vu
1√
2
g2vu −µ 0 0 0 0
0 0 0 0 MZ˜′ −gXv1 gXv2
0 0 0 0 −gXv1 0 µS
0 0 0 0 gXv2 µS 0

. (A.40)
The neutralino mass matrix is diagonalized by a unitary matrix Rn, such that
Dχ = Rn∗MχRn† (A.41)
and the mass eigenstates are given in terms of the gauge eigenstates, in the order given
above, as
χ0i = R
n
ij χ
′
j . (A.42)
Higgs sector masses
We neglect in this work the small kinetic mixing between the SU(2)L×U(1)Y and
U(1)X gauge bosons. As a consequence, the scalar sector associated with the breaking of
U(1)X mixes with the MSSM Higgs sector at the loop level only. At the tree level, the
squared mass matrices of the Higgs scalars are thus block-diagonal and the physical fields
can be easily parameterized in terms of the gauge eigenstates as(
H
h
)
=
(
cosα sinα
− sinα cosα
)(
<[hd]
<[hu]
)
,
(
H ′
h′
)
=
(
cosα′ sinα′
− sinα′ cosα′
)(
<[S1]
<[S2]
)
, (A.43)
where the angles α, α′, which explicitly enter Eqs. (3.25)-(3.30), parameterize, respectively,
rotation matrices Rh∗ij and R
h′∗
ij that diagonalize the scalar mass matrices squared of the
two sectors:
D2h = RhM2h,2×2Rh†, D2h′ = Rh
′
M2h′,2×2R
h′†. (A.44)
Note that the explicit form of the Higgs mass matrix, M2h,2×2 in Eq. (A.44), is the same
as in the MSSM, whereas M2h′,2×2 can be constructed in a specular way and, not being
particularly illuminating, we refrain from presenting it explicitly here.
Equivalently, we parameterize the new pseudoscalar field, A′, and Goldstone boson G′0
as (
A′
G′0
)
=
(
cosα′′ sinα′′
− sinα′′ cosα′′
)(
i=[S1]
i=[S2]
)
, (A.45)
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in terms of the effective angle α′′ which is also featured in Eqs. (3.25)-(3.30).
Tadpole equations
Finally, we recall the tree-level tadpole equations resulting from minimization of the
scalar potential with respect to the extra sector scalar fields S1 and S2:
BµS =
(−2µ2S −m2S1 −m2S2) sin 2βS
2
,
µ2S = −
m2Z′
2
− tan
2 βSm
2
S1
−m2S2
tan2 βS − 1 , (A.46)
in terms of the superpotential and soft SUSY-breaking parameters defined in Eqs. (2.8)
and (2.9), and tanβS = v1/v2.
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